Shear transformations, as fundamental rearrangement events operating in local regions, hold the key of plastic flow of amorphous solids. Despite their importance, the dynamic features of shear transformations are far from clear. Here, we use a colloidal glass under shear as the prototype to directly observe the shear transformation events in real space. By tracing the colloidal particle rearrangements, we quantitatively determine two basic properties of shear transformations: local shear strain and dilatation (or free volume). It is revealed that the local free volume undergoes a significantly temporary increase prior to shear transformations, eventually leading to a jump of local shear strain. We clearly demonstrate that shear transformations have no memory of the initial free volume of local regions. Instead,
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Shear transformations, as fundamental rearrangement events operating in local regions, hold the key of plastic flow of amorphous solids. Despite their importance, the dynamic features of shear transformations are far from clear. Here, we use a colloidal glass under shear as the prototype to directly observe the shear transformation events in real space. By tracing the colloidal particle rearrangements, we quantitatively determine two basic properties of shear transformations: local shear strain and dilatation (or free volume). It is revealed that the local free volume undergoes a significantly temporary increase prior to shear transformations, eventually leading to a jump of local shear strain. We clearly demonstrate that shear transformations have no memory of the initial free volume of local regions. Instead, 2 their emergence strongly depends on the dilatancy ability of these regions, i.e., the dynamic creation of free volume. More specifically, the particles processing the high dilatancy ability directly participate in subsequent shear transformations. These results experimentally support the Argon's statement about the dilatancy nature of shear transformations, and also shed insight into the structural origin of amorphous plasticity. 3 Understanding plasticity, i.e., how solids flow, is a classical problem, but still remains open. The plasticity of crystals has been well described in terms of dislocation mobility, deformation twining, grain boundary diffusion, etc. These classical pictures however break down in the face of amorphous solids lacking long-ranger period order. Instead, it is generally recognized that amorphous plasticity results from the accumulation of local irreversible rearrangements occurring within "zones" few to hundreds of atoms/particles wide. Such rearrangement events were originally defined as "shear transformations (STs)" by Argon in 1979 [1] that operate validly in both amorphous alloys and colloidal glasses.
In past decades, great efforts have been made to capture and theorize the ST events. Some landmark works must be highlighted. The atomistic scenario of STs was firstly observed by Falk and Langer in 1998 based on molecular-dynamics simulations [2] . Further they have developed the shear-transformation-zone (STZ) theory [2] [3] [4] of amorphous plasticity, where the population of two-state STZs as order parameters enter the flow equation. Associating STs with relaxations on a potential energy landscape, Johnson and Samwer [5] have proposed a cooperative shear model, describing how isolated STs confined within the elastic matrix develop into macroscopic plastic yielding [6] [7] . Such a physical picture has been confirmed by atomistic simulations [8] [9] [10] , continuum modeling [11] [12] and direct colloidal-glass visualization [13] [14] [15] . As a result, fundamental properties, i.e., activation barriers [16] [17] , characteristic sizes [7, 18] and transformation fields [10, 19] , of STs can be identified quantitatively.
It has been broadly accepted that STs are transient in time, giving rise spatially to Eshelby fields around them. They do not pre-exist in a glassy structure, but are consequence of complex thermally-activated structural rearrangements driven by an 4 applied shear stress. Nevertheless, this is not suggest that the STs are independent of the structures. For example, it is widely believed that STs occur preferably at sites of high free volume [1, [20] [21] . Recently, a number of physical parameters have been proposed to predict the structural origin of STs, including low-frequency vibrational mode [22] [23] , local fivefold symmetry [24] , flow unit [25] , local yield stress [26] , local potential energy [27] , flexibility volume [28] , etc. These parameters hold more or less predictive power, but to a great extent, from a spatiotemporally statistical view.
Building a deterministic one-to-one correlation between dynamics STs and static structures still remains a formidable challenge.
It is not the purpose of the present Letter to directly explore the structural birth of STs. In contrast, we focus on the dynamic process of STs themselves due to their transient nature. The STs dynamics should provide an integrated picture of STs, from their birth to finality. Furthermore, it is interesting to trace the dynamic evolution of free volume during STs. A long-standing idea is that free volume, as a basic structural indicator, is of paramount importance in promoting STs [1, [20] [21] . But recent works indicate that there seems no strong correlation between particles having high free volume and those undergoing STs [26, 29] . Here we attempt to offer an experimental judgement for this disagreement. More importantly, the free volume dynamics during STs could reflect another fundamental property of STs, i.e., the dilatancy. As stated originally by Argon [1] , the net effect of the STs is an excess dilatation that must create at least temporarily additional excess free volume. Recently, based on the interaction of STs and STs-mediated free volume dynamics, a constitutive theory of amorphous plasticity is proposed [12] . It indeed predicts that, for glasses with typical strain softening feature, STs always produce free volume, indicating their dilatancy nature. To our best knowledge, however, there has been no experimental proof of the 5 Argon's statement.
In this Letter, we employ a high-speed confocal microscopy to directly track the motion of individual particles in a 3D colloidal glass that is subject to a shear-loading and -unloading cycle. We accurately identify where and when the ST events take place by visualizing the spatiotemporal evolution of local shear strain of particles.
Both static free volume prior to STs and its subsequent evolution within STs are also examined. It demonstrates that the emerging STs are weakly correlated with initial free volume, even through the latter is spatially averaged over the second-neighbor shell, a optimum length. Nevertheless, the activations of STs prefer these regions with the high dilatancy capability to create sufficient free volume. These results may increase the understanding of the interplay of STs and free volume, suggesting the dilatancy nature of STs, or in other words, the catalytic effect of dynamic (not static) free volume in STs.
We use 1.55 μm diameter silica particles with a polydispersity smaller than 3.5 % to prepare a colloidal glass [30] . A shear-loading and -unloading cycle is applied to the colloidal glass. The experimental apparatus is the same as that described by Jensen et al [15] . As illustrated in Fig. 1(a) , we carefully introduce a transmission electron microscope (TEM) grid deep into the glass. Through a hollow post, we use a piezoelectric translation stage to move the grid to apply a shear and subsequent reverse-shear along the y direction at a very small rate of about 4×10 −5 s −1 . In the z direction, a high-speed confocal microscopy is utilized to visualize individual particles in a 77×77×27 μm 3 observation volume that is far away from the boundaries. In order to identify where and when STs occur in this sheared glass, we examine the local shear strain ij ε of each particle [30] [31] . The macroscopic shear strain 2 ij ε 〈 〉 is the double average of ij ε for all particles, whose change during the shear cycle is shown in Fig. 1(b) . As we designed that, the contributions to the macroscopic shear strain come mainly from the component 2 yz ε is adopted to monitor STs in the present colloidal glass. 7 The spatial distribution of the cumulative yz ε values with the reference zero-strain state in 6-μm-thick y-z sections centered at x=24 μm is shown in Figs. 1(ci)-(cx), corresponding to the times (i) to (x) marked in Fig. 1(b) . With the shear loading, an increasing number of particles participate in shear deformation, but with a spatially inhomogeneous feature. Some localized regions with large yz ε are emerging, and eventually coalesce at the end of loading. But in fact, not all of these localized regions experience ST events. Here, the shear strain consists of elastic (reversible) and inelastic/plastic (irreversible) parts. Only STs contribute to plastic part, although they are elastic coupling [19, 29] . To exactly ferret out the localized regions where STs take place, it is necessary to release the elastic part of shear strain and just retain the plastic part. To this end, we slowly reverse-shear on the glass back to zero macroscopic strain. After the elastic-unloading, most particles return to their initial positions with a very low strain state. We can readily indentify three survived local regions, marked by circles A, B and C, respectively, in Fig. 1(cx) , that have relatively high plastic strain. It is reasonably believed that these localized regions experience irreversible STs during the shear deformation.
Next, we explore when the ST events take place in these localized regions. The ST is essentially a local cluster of atoms that undergoes an inelastic shear distortion from one relatively low energy configuration to a second such configuration. This huge local structural modification will accommodate a great change in the local shear strain. Thus, we can use local strain mutation to probe the occurrence of ST events.
We then calculate the evolution of the average shear strain yz ε of the regions A, B
and C from initial time to shear-ending (2200 s). As presented in Fig. 2(a) , the average shear strain yz ε of the region A slowly increases during the initial 1000 s. After that, events that contribute to a sudden increase of local plastic strain ( Fig. 2(a) ). It is expected that, the negative ST event, analogous to shear-assisted relaxation, will eliminate the local plastic strain. A local ST region may show relatively low plastic strain, if both positive and negative STs occur within it. Therefore, such ST regions may be hidden by their local plastic strain. To uncover them, we carefully examine the shear strain evolution of every region in the glass section ( Fig. 1(cx) ) from initial time to 2200 s. We indeed find a hidden ST region D, marked by the circle in Fig. 1(cx To explore the dilatancy property of STs, we determine the particle free volumes f v [30] [31] that is believed to be induced by the shear-dilatation effect [33] [34] . We quantify the STs-free-volume correlation by defining the normalized correlation coefficient,
, ,
where k denotes a particle that participates in the ST events, We further examine the free volume dynamics associated with STs. We calculate the evolution of average free volume in the four localized regions (A-D) with STs and the one (E) without STs from initial to 2200 s. The average free volume of the entirely bulk glass is also considered for comparison. All results are shown in Fig. 3(c) . The averaged bulk free volume increases slightly during the whole shear deformation. In the region A, the local free volume first increases from initial 0.069 μm 3 to a maximum of ~0.116 μm 3 due to the shear-induced dilatation. Immediately after that, the ST-A event occurs and the accompanied significant rearrangement leads to an instantaneous losing of ~27% of free volume. Eventually, the free volume tends towards a steady-state value of ~0.082μm 3 due to a dynamic balance between dilatation and relaxation. In the regions B and C, the relatively higher free volume first shows a decrease via relaxation, then followed by an increase to a peak before the occurrence of ST event, rather than a direct increase like that in the region A. This v . These results indicate that the creation ability of free volume is pivotal for controlling the activation of STs. In order to measure such a creation ability, we define a dilatancy factor for each particle with a volume of 0 v :
which evaluates the increase The region E without STs only shows a relatively low ξ with the maximum of about 0.35 over the whole period. Since the STs highly localize into only the four regions, the average bulk ξ also keeps a low level less than 0.2. Thus, we have a conclusion that the ST events preferentially occur in those regions with the high dilatancy ability of creating free volume, rather than those with the initial high free volume. To prove this more directly, we construct a glass section corresponding to that of Fig 
